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Determination of free fractions 
Technical Field 

The invention relates to methods for the determination of pharmacological properties of 
substances, such as, e.g., chemical substances. The invention also relates to methods and kits for 
use in the determination of the free fracUoii , fu, of pharmacologically active compounds in 
aqueous solutions and serum. The invention also relates to the above methods in which solid 
particles, coated with a lipophilic medium, are used. 

Background 

Quantification of protein binding of new chemical entities is an important early screening step 
during drug discovery and is of fundamental interest for the estimation of safety margins during 
drug development 

Commonly used methods for the determination of protein binding, e.g. ultrafiltration or 
equilibriiun dialysis are readily adaptable to high throughput but in the case of lipophilic drugs, 
being strongly bound to plasma proteins, their use is hmited due to unspecific adsorption. Due to 
the fact that in recent years a trend to more lipophilic drugs is observed^ the need for new 
techniques that overcome these problems and that can be adapted to hi^ througjiput is increasing. 

One technique that was especially designed for the determination of protein binding of lipophilic 
drugs is based on the distribution of drugs between plasma and erythrocytes or buffer and 
er3rthrocytes, respectively^. In the following, this technique is referred to as the partitioning 
method. Unfortunately, precision of the basic method is poor in the case of higjily protein bound 
drugs (i.e., in the case of drugs which show high affinity to proteins). 

A modification of the partitioning method is known to the person skilled in the art^ which 
overcomes that disadvantage by determining fu at several dilutions of plasma via linear regression. 
Another modification of the partition method circumvents the most critical step in fee 
determination of fu via partitioning, the handling of the drug in protein firee medium^. 

It is known feat Transil® is a widely used substance for fee high throughput determination of 
membrane affinities in drug discovery^*^®. A person skilled in fee art will recognise feat Transil® 
comprises solid silica particles feat are coated wife egg yolk phosphatidylcholine. 

Recently a new approach for fee determination of relative fi-ee fractions by equilibrium dialysis 
was reported using plasma of different species in each dialysis chamber'*^. However, validation of 



wo 2005/017528 PCT/EP2004/008708 

2 

this approach is still outstanding. Own experiments using this method for drugs highly bound to 
plasma proteins (f^ <0.5%) did not yield valid results (data not shown). 

The closest prior art discloses a modification of the partitioning method that uses diluted plasma 
from various species but only erythrocytes from a single species^, thereby circumventing the 
necessity to isolate fresh erythrocytes for each individual test organism being under investigation 
in cross-species studies. 

The new method is an advancement of the previously described erythrocytes partitioning tech- 
nique*. The most time-consuming step in this method is the preparation of the erythrocytes: they 
are obtained by centrifugation of fresh, heparinised blood and have to be washed three times in 
isotonic phosphate buffer. Furthermore, the washing of the erythroc3rtes has to be done very 
carefully to avoid hmiolysis. However, in some cases hemolysis can not be completely prevented 
and erroneous results due to binding of drugs to hemoglobin can not be excluded. All these 
difficulties are avoided using solid-supported lipid membranes. The material is commercially 
available and was especially developed to determine membrane affinities in HTS format (as an 
alternative to liposomes)'''*^. 

Description of the invention 

From the above mentioned state flie technical problem to be solved by the current invention is to 
provide a new and improved metiiod for the determination of flie free fraction, fu, of substances, 
such method being amenable to a high-throughput experimental approach. 

This problem is solved by providing a new method which is a major improvement of the 
previously mentioned erythrocytes partition method It is based on the distribution of drugs 
between plasma water, plasma proteins and solid-supported lipid membranes (e.g., Transil®). 
Substituting the erythrocytes by solid-supported lipid membranes (e.g., Transil®) simplifies the 
execution of protein binding studies by partitioning dramatically, and it makes it particularly 
suitable for high throughput experiments. Because of the increased specific weight of the support 
material, phase separation is easily achieved with Transil®. This is a major advantage over the use 
of liposomes or RP-18 material used in, e.g., HPLC column packings. 

As mentioned above, it is known that Transil® is a widely used substance for the determination of 
membrane affinities in drug discov^y^'^^ The determination of membrane affinities, however, is 
very different from the determination of the free fraction. 
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The finding that erythroc3rtes can be substituted by solid-siipported lipid membianes is a very 
surprising one in view of the fact that erythrocytes arc rather complex stractures, actually being 
living cells, having a lipid bi-layer membrane which is host to a wide variety of functional 
enzymes, ion channels, receptors and the like. 

It is furthermore known to a person skilled in the art that ionisation of the silica bead surface tends 
to have an effect on the binding properties of such particle The fact that the unavoidable 
ionisation of the solid support does not negatively affect determination of the free fraction is an 
unforeseen and imexpected finding. 

Furthermore, the feet that the distribution of the compoxmd between Transil^^ and the buffer is not 
affected by the presence of plasma constituents is also unforeseen. This, however, is a prerequisite 
for the application of Transil^^ in methods of the invention. 

For reasons stated above, it cannot be deemed obvious that measurements performed with solid 
supported membranes, such as, e.g., Transil^^ beads can be taken as a surrogate measurement for 
the far more sumptuous experiments using freshly isolated erythrocytes. 

For vaHdation purposes, compounds covering a wide range of lipophilicities (logP -1.9 to 5.6) and 
large differences in free fractions (0.02% to ^ 35%) were selected. The validation results show 
excellent agreement in fu as determined by the method of flie current invention, by the partitioning 
method (using erythrocytes as "stationary phase'O, and by ultrafiltration. Free fractions could be 
exactly determined with dififerences between the various methods below 20 % even in the case of 
fu values below 0. 1%. Species differences in f^ in the case of Drug I, Drug II and Drug IV of Table 
2 were almost identical regardless of whether being determined by the Transil® mefliod or by a 
classical partitioning method using erythrocytes. Thus, the results show that the erythrocytes can 
be replaced by solid-supported lipid membranes. Moreover, the new method is applicable to 
determine very low (fu< 0. 1%) and very high free fractions (fu > 5%), giving rise to a much wider 
range of application than currently available methods. Since precision and accuracy are 
comparable regardless of very low or high free fractions, the method proves to be especially suited 
for lipophilic drugs strongly bound to plasma proteins. For lipophilic drugs the investigation of the 
free fraction by commonly methods like ultrafiltration or equilibrium dialysis is limited since 
lipophilic drugs often show non-specific adsorption to the ultrafiltration device or to the dialysis 
membrane. 

It has to be noted that the most critical step in the case of lipophilic drugs (that tend to adsorb to 
surfaces) is the determination of the partition coefficient in buffer. However, as described below 
adsorption to glass material can be avoided by accepting an accumulation of critical drugs in the 
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lipid phase. Altiiough the precision of the method may decrease if partitioning is far away jfrom 
equal distribution accuracy increases since systematic errors are avoided. In such cases the 
demands on the validation of the analytical assay for low concentrations increase. On the other 
hand results as obtained by that procedure are much more reliable than those obtained by e.g. 
5 ultrafiltration or equilibrium dialysis, becaxise with these methods results may be biased due to 
adsorption to the ultrafiltration device or the dialysis membrane. The comparable firee firactions as 
obtained in the case of Drug n of Table 2 either using this procedure or conventional methods, 
prove this approach yields reliable results. 

In conclusion, the methods of the invention produce valid results both with radioactivity 
10 measurement and with methods that are more common in drug discovery, like LC-MS/MS. The 

method is applicable to determine a wide range of membrane affinities and fi-ee fractions but is 

especially suited for the examination of firee firactions of drugs strongly bound to plasma proteins. 

The method can be easily adapted to high throughput and is therefore suited for the determination 

of protein binding during drug discovery as well as for the execution of extended protein binding 
15 studies during drug development. Finally, by using Transil® for both the determination of 

membrane affinity and protein binding of a drug the most important input parameters for 

physiologically based modeling can be examined simultaneously. 

A "suspension" within the meaning of the invention, is any mixture comprising solid particles and 
a liquid. 

20 Transil^^ particles are to be understood as being one example for particles, having suitable 
characteristics. Other particles, having the such suitable characteristics, can readily be applied in 
methods of this invention. 

The invention relates to: 

1. A method for the determination of the firee fi:action of a substance comprising 

25 (a) incubation of the substance with a suspension of particles, other than erythrocytes, 

having a lipophilic surface, in a substantially protein-firee aqueous medium^ for the 
determination of the distribution of the substance between the particles and said 
substantially protein firee mediun^ 

(b) incubation of the substance with a suspension of particles, other than erythrocytes, 
30 having a lipophilic surface, in a protein-containing aqueous medium, for the 
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determination of the distribution of the substance between the particles and said 
protein-containing aqueous mediun^ and 

(c) determination of the free fraction of the substance from the distributions 
determined under (a) and (b). 

2. A method of count 1, wherein said suspension of particles is selected from a group of 
suspensions comprising 

(a) a suspension of particles having a solid core; 

(b) a suspension of particles having a solid core comprising a silica bead; and 

(c) a suspension of Transil^^ particles. 

3. A method of count 1 or 2, wherein the protein-containing aqueous mediiun is plasma. 

4. A method of any of counts 1 to 3, wherein the substantially protein-free aqueous medium 
is a buffer solution. 

5. A method of any of counts 1 to 4, wherein said incubations of said substance with said 
suspensions of particles is on a plate having multiple cavities or on a 96-well-plate. 

6. A method of any of counts 1 to 5, wherein the solid core is a ferromagnetic solid core. 

7. A method for the determination of the relative free fraction of a substance in a first species 
in relation to the free fraction of the same substance in a second species comprising 

(a) determining the membrane affinity in plasma (MApiasmii) of said substance for said 
first species, 

(b) determining the membrane affinity in plasma (MApiasma) of said substance for said 
second species, 

(c) determining the relative free fraction from the results determined under steps (a) 
and(b). 

8. A kit for use in any of the methods of counts 1 to 7, comprising a plate having multiple 
cavities, a buffer solution, plasma, and particles selected from a group of particles 
comprising 



(a) particles having a solid core; 
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(b) particles having a solid core which is a silica bead; and 

(c) Transil^^ particles, 

9. The kit of count 8, comprising plasma of two dijfferent species. 

10. A kit of count 8 or 9, wherein specific amounts of particles are placed witihin said cavities 
5 of said plate. 

Description of the figures 

Figure 1 

Drug I of Table 2: Determination of binding parameters in human ai-acid glycoprotein (AGP) 
upon incubation with increasing drug concentrations in a 3.15 jiM AGP solution. Data were fitted 
10 to the equation: Cbound= n • Cagp • Cu/(Kd+Cu) using Sigma Plot 2.01 (Cbound = bound drug 
concentration, n = number of binding sites, Cagp = AGP concentration in the assay, Cu = imboimd 
drug concentration, Kd = dissociation constant). 
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Examples 

Drugs and Reagents 

Both unlabeled (drugs I to V) and "C-labeled drugs (VI and WJS) as well as reference compounds 
for analytics were synthesised in the chemistry department of Bayer AG. Solvents used were of 
5 HPLC grade. All other chemicals were of analytical grade. 

Transil® (silica bead coated with egg yolk phosphatidylcholine) was purchased from NIMBUS 
Biotechnologie GmbH, Leipzig, Germany. This material comprises porous silica beads, covered 
with a unilamellar liposomal membrane, non-covalently bound to the bead. The solid supported 
lipid membranes are suspended in 20 mM sodium phosphate buffer (pH 7.4). The lipid content as 
10 well as the dry weight of the respective batch are provided by the supplier. The lipid content of the 
respective batches used in our experiments was between about 10 and 65 fil/ml suspension. For 
determinations in HTS format, 96-weIl plates with removable glass inserts (0.5 or 1.5 ml) were 
used. 

Biological Material 

15 Mouse plasma from male GDI mice (Hsd/Win:CDl), rat plasma from male Wistar rats 
(HsdAVin:WU), dog plasma from female Beagle dogs, monkey plasma from female Rhesus 
monkeys was used. Human plasma was obtained from healthy Caucasian volunteers. Pooled 
plasma of at least 3 individuals was obtained after centrifugation of freshly heparinised blood 
samples and stored at < -20 °C until usage. 

20 Stability 

The stability of flie test substances in plasma of different species was tested prior to protein 
binding studies. 

Determination of Unlabeled Drugs 

The determination of drugs I to V in plasma was done after precipitation of proteins with 
25 acetonitrile. Measurement of drug IV in plasma was performed by HPLC analysis using the same 
equipment and under similar chromatographic conditions as described earlier^. All other unlabeled 
drugs were analyzed by LC/MS-MS on an API 3000 (MDS Sciex, Ontario Canada) triple 
quadrupole tandem mass spectrometer operated in positive ion multiple reaction monitoring mode 
(MRM) using similar procedures described elsewhere^ \ A 2300 HTLC system (Cohesive 
30 Technologies, Franklin, MA) was used as HPLC system and operated in the laminar flow mode. 
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Chromatography was perfomed using gradient elution. A CTC HTC PAL autosampler (CTC 
Analytics AG, Zingen, Switzerland) was used. 

Measurement of Radioactivity 

The radioactivity concentrations were determined by standard procedures as described earlier". 

5 Protein Binding bv Classical Methods 

Ultrafiltration, equilibriirm dialysis and the determination of the free fraction of a drug via 
distribution between erythrocytes and plasma were performed as previously described*'". 

Example 1 

Determination of Protein Binding via Distribution between Diluted Plasma and Transil® 

10 Protein binding of all drugs was detennined via partitioning between diluted plasma and Transil® 
in vitro. All incubations wore performed in glass tubes. An isotonic potassium phosphate buffer, 
pH 7.4 (Dulbeccos PBS, Sigma D8534) was used for diluting the plasma. 

The total incubation volume was generally between 0.3 and 1 ml. The diluted plasma (150 to 980 
of the test species was pipetted into glass tubes and Transil® (10 to 300 ^1) was added. The test 
15 substance dissolved in a small volume of a suitable solvent was added to the Transil® -plasma 
suspensions. 

The degree of the dilution and Ihe Transil®- volume should be chosen with respect to the expected 
fu value. For strongly boimd coxnpounds a higher dilution/and or higher Transil®- volumes must be 
considered (see below). 

20 The Transil® -plasma suspensions were incubated at room temp^ture on a laboratory shaker for 
30 minutes. After incubation, Transil® was separated from the aqueous phase by centrifugation at 
1800 g for 10 min, after taking aliquots of 50 to 100 m.1 for determining the actual concentrations in 
the Transil® -plasma suspmsions. 

The radioactivity concentration in the suspension was detennined directly after incubation. The 
25 radioactivity concentration (or the drug concentration in the case of HPLC or LC/MS-MS 
analytics) in plasma was determined after centrifugation. 

The determination of the Transil®/buffer partitioning (which is a measure for membrane affinity, 
MA) was performed in the same maimer. In the case of high lipid/buffer concentration ratios 
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(MAbufibr values >20000) the Transil®- suspensions were diluted with isotonic phosphate buffer, pH 
7.4 (tQ> to 20 fold) to avoid pipetting of volximes below 10 jiL 

Example 2 

Estimation of MAbuirer and fu in human plasma 

5 An estimate of the membrane affinity was calculated by a QSAR approach as described in 
Stahlhofen et aV^, The free fractions in plasma were estimated using a proprietary software 
developed at Bayer AG. (Alternatively, other approaches to obtain first estimates for MA and fu 
may be used, e.g. log D7.4 for estimation of membrane affinities of neutral compounds and 
estimates of based on e?iperimental data for drugs from the same conxpound class). 

10 Calculation of fu 

The free fraction in diluted plasma was calculated as the ratio of the partition coefficients for tiie 
Transil®/plasma' (MApiasmaO and the Transil®/buffer distribution (MAbufler). 

The calculation of MAtuffer was performed as follows: The total amount of drug in the assay (ntotai) 
was obtained using the total concentration in the Transil®-buffer suspension and the respective 
15 incubation volume (VtotaO the concentration in the buffer (Cbuffer) and the volxmie of the silica 
beads (Vsfljca) as well as the lipid volume (Yupid) according to: 

. _ ^Mpid _ ^ total " ^boffer ' O^total ~ "^silica " ^Upid) 

1) JviAj^gy — — V - r* 

^buflfer ^ lipid ^bufBsr 

where the volume of the silica beads was obtained from the dry weigjit of the respective Transil® 
batch (dwivansfl®) the volume of the Transil®-suspension added (Vxiansfl®) the dilution factor of 
20 Transil® (dilTmnsn®) the lipid volume (Vupid) tiie density of silicagel (Psiuca = 2.1 g/ml) and the 
density of the lipids (pupid == 1 g/nd) according to equation 2). The dry weight as well as the lipid 
content (k) of the respective Transil® batches were given by the supplier in the certificate of 
analysis. 



25 The lipid volume in the assay was calculated from the lipid content of the respective Transil® 
batch and the volume and tiie dilution fector of the Transil®- suspension added: 
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3) V^pa =k-V^*-dilT^a 



In a second experiment, fhe total amount in the Transil®- plasma suspension and the concentration 
in diluted plasma, Cpiasma'^ were determined. The partitioning between Transil® and the diluted 
plasma (the apparent membrane affinity in diluted plasma), MApiasma*, was calculated as: 

A\ liAA »— ^ total " ^plasma * (^total ~ Vsilica ~ ^lyid) 

^) ^^^pbsma ~ V • C • 

^%id plasma 

The free fraction in diluted plasma (fuO was calculated as the ratio of the two partition coefficients: 
MA. 



MA, 



5) f„' = 



The free fraction in undiluted plasma was then calculated from the fu-values in diluted plasma and 
the dilution factor a, as described earlier^ (e.g. a = 0.1 in the case of 10-fold diluted plasma). It has 
10 to be noted that fu should be below about 50% to avoid a higher variability in the back-calculated 
free fraction in native plasma^. 

a -f ' 

6) f„=^ ^ 



l-fu'-(l-a) 
Example 3 

Calculation of optimal Transil® volumes for new compounds 

15 Equations 1-3 can be rearranged to calculate the optimal Transil® volume for the determination of 
MA for a new compound. The calculated MAbufier values and free fractions are used as initial 
estimates f<M: the calculation. Optimal assay conditions are ftilfilled if the amounts of drug at 
equilibrium in the lipid phase and in buffer (or plasma) are equal (nbuffer or Upiasma or npiasma' = nj^a = 
0.5 • ntotaO (Stahlhofen et al.^^. Thus the e3q>ression (ntotat/nspid — 1) in the subsequent equation 

20 equals 1 and the optimal Viyansn® for Transil® /bufTer partitioning can be calculated as: 

*7\ \r ^^total ^sil ica * 

V VT^nsfl* 



(MA^uffer • k • (n^Jn^y, - 1) • + dw^^. + k • (e^ - e^)) ' dilrnuisn* 



The calculation for Transil®/plasma partitioning is similar to that of the Transil®/buffer 
partitioning, only the value for MAbuffer has to be substituted by MApiasma' whereas it holds true: 
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with a being the dilution factor of plasma, e.g. a = 0.1 in the case of 10-fold diluted plasma*. 
Example 4 

Concentration dependence of MA 

5 Distribution is only independent from drug concentration if the amount of lipid is much greater 
than the amoxmt of drug in the lipid phase: lipid content/uHpid > 100 |Mol/Mol]. 

The ratio lipid content/niipj^ is calculated according to: 



9) Lipid content/njipid = 

By rearrangement of the above equation the maximum drug concentration that can be used in an 
10 incubation (Ctotai.inax) can be calculated (under the assumption that lipid content/nnpid = 100): 



^total, max 



The buffer- or plasma concentration at equilibrium is calculated from the actually added 
concentration (Ctotai) as follows: 



^plasma ^ tt /T7 j. w ^ 

^tolal ^ ^silica ^ ^Hpid-^ 



The plasma concentration as related to native plasma is flien calcxilated from the plasma 
concentration in diluted plasma and the dilution factor a (e.g. a = 0.1 in the case of 10-fold diluted 
plasma). 

C ' 

11a) C 



a 
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Comparison of Free Fractions obtained with the Transil® Method versus Free Fractions 
Determined with Other Techniques 

For validation purposes drugs with a wide range of physicochemical properties and free fractions 
5 were selected. LogP (pH 7.5) values were calculated to be 3.6, 5.6, 1.9, 2.5, 2.6, 2.6 and 2.1 for 
drugs I to Vn, respectively. Free fractions of the validation compounds were determined either by 
distribution of the drugs between diluted plasma and Transil® or by the distribution method as 
described earlier. In flie case of drug V, protein binding was examined by ultrafiltration as 
reference method. Partitioning between buffer and Transil® was detennined at a single drug 
10 concentration, typically at 200 |ig/l. Usually conorparisons were performed using the same batch of 
plasma to avoid differences in protein binding because of batch to batch variability. 

A complete data set with typical values for the Transil®- volumes, the dilution factor of plasma, the 
drug concentrations in the suspension and in plasma at equilibrium is given m Table 1. 

Table 2 summarises the results obtained with non-radiolabelled drugs in plasma from different 
15 species at a total concentration of about 200 pg/1. The free fraction of drug I amounted to 0.81 % 
and 0.20 % in rat and human plasma as determined by flie Transil® method. These values are close 
to the ones determined witih the erythrocytes partitioning method (fu = 0.91 and 0.24%, 
respectively). For the highly lipophilic drug H, very low, but similar free fractions were determined 
in mouse, monkey and human plasma (~ 0.050%). The free fraction in rat plasma was somewhat 
20 higher (-0.80%). The f„ values as detennined by the erythrocytes partitioning method were almost 
identical. M the case of drug III comparison of free fractions were only performed in rat plasma: fu 
amounted to 1.62% and 1.49% as determined by partitioning between plasma and Transil® or 
plasma and erythrocytes. About a 5fi)ld difference in free fractions (human/rat) was observed for 
drug IV. The free fractions were detennined to be 4.41 or 1.09% in rat and human plasma, 
25 respectively, by distribution between plasma and Transil®. The corresponding values as 
determined by partitioning between plasma and erythrocytes were 4.97 and 0.96%, respectively. 
As a last example drug V, a compound with a very high free fraction in human plasma was chosen. 
In that case the reference value for ^ was obtained by ultrafiltration: the free fraction amounted to 
39.5 and 33.3% in human plasma as determined by distribution between plasma and Transil® or by 
30 ultrafiltration, respectively. 

In Table 3 a summary of results as obtained for two ^^C-labeled drugs is given. Free fractions were 
determined at 3 different drug concentrations (n = 3/concentration) on 2 or 3 different days. 
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ETqperiments using Transil® - or tiie erythrocyte distribution method were performed in parallel. 
There were no differences in free fractions in ttie concentration range tested and the results as 
obtained on different days were ahnost identical. Therefore, mean values and standard deviations 
are listed. In the case of drug VI very similar free fractions were determined in rat and human 
plasma: f„ amounted to about 0.02 % as determined by partitioning between diluted plasma and 
Transil®. The respective values as obtained with the erythrocytes partitioning technique were about 
0.025 and 0.020 % in rat and human plasma, respectively. In mouse plasma the free fraction 
amounted to about 0.087 % as determined with bofli methods. The free fraction in dog plasma 
amounted to about 0.041 or 0.034% as detemrined by the new method or by the erythrocytes 
partitioning technique. 

The free fraction of drug VII as examined in mouse, rat, dog and human plasma using the Transil® 
method amounted to 2.07, 3.59, 2.07 and 1.1 1%, respectively. The corresponding values using the 
erythrocytes partitioning technique were comparable (with slightly higher values for human 
plasma): f^ amounted to 2.60, 3.77, 2.12 and 1.71% in mouse, rat, dog and human plasma, 
respectively. In the case of dog plasma variability of the results was somewhat higher than usual 
(coefficient of variation 14- 3 1%) since plasma of different dogs was used to investigate inter day 
variability. 

Example 6 

Incubation in 96well plates 

The assay can easily be adapted to high-throughput format as demonstrated by Loidl- Stahlhofen et 
al.^'*^ for the determination of MAbncfer values. To avoid adsorption of lipophilic drugs, 96well 
plates with glass inserts should be used for all incubations. Furthermore, the actual concentrations 
in Transil®- buffer suspensions are determined to monitor adsorption. Results can only be accepted 
if the concentration deviation is below 20 % of the theoretical concentration. 

In silico values for MAbuffer and fu can be used to tune the experimental conditions (V-mn^® and 
plasma dilution factor) for optimum precision. Since these in silico values may have a high degree 
of uncertainty it is suggested to perform incubations at 2 different Transil®- volumes so that at 
least one incubation is carried out under acceptable nbuffe/nifpid conditions (see below) even if the 
MA estimate differs considerably from the true value. Furthermore it is recoromended to determine 
MAbuffer values at first, since the experiments with plasma then can be designed more exactly. 
Neglecting Vsniai and Vijpid in comparison to Vfotaj leads to a simplified version of equation 7: 
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The theoretical optimum for Vrransn® is calculated from equation 12 with nbuffci/nj^id = 1. In case the 
true MAbuffer is Sfold higher than the estimated value used for the calculation of Vxransii®* nbuffei/niipa 
is approximately 0.2, As can be seen from equation 13, such a case would not have a relevant 
effect on the precision of tiie MA determination because nboffer is directly determined via Cbuffer and 
ntotai is much bigger than Ubuffer. In the oflier case of the MAbuffer being Sfold lower than the 
estimated value, nbuOiJ^iipid is about 5, leading to a small difiference between Utotai and nbuSer in the 
denominator of equation 13. Thus a considerable decrease in precision is the consequence. 
Therefore, it is recommended to perform the MAbuffer determination at an additional Vxransii© which 
is about Sfold higher than the calculated value for equal distribution between buffer and the lipid 
phase. It is suggested to have not more than 70% of the total amount in tiie buffer phase, leading to 
an upper limit of Ubuflfe/niipidOf about 23. 

Similarly, the optimum Vxransii® for the determination of MApiasma' is calculated based on the 
expected fu, the measured MAbuffer and the plasma dilution factor for plasma. MAbuffer in equation 
12 is substituted by MApiasma' as described in equation 8. As can be seen from equation 8 an imder- 
or overestimation results in an almost proportional under- or overestimation of MApiasma* in the 
case of free fractions below 10%. Therefore, the same considerations with respect to precision as 
outlined above for MAbuffer are also valid for f^. As a consequence, the use of an additional, about 
Sfold higher Vrransii®, is also recommended for the determination of MApiasma*. Alternatively, the 
dilution factor for plasma can be Sfold increased or an appropriate combination of plasma dilution 
and Transil®- volume is chosen. 

An exanq)le is given in Table 4 for a hypothetical drug with a free fraction of 0.50 % and a 
MAbuffir of 10 000. Accepting a nbuffe/ni^id ratio of 2.3 a MAbnffer range with the 2 Transil®- volumes 
calculated from 86S to above 100000 is covered. For the determination of MApiasma* the Transil®- 
volume is kept constant but the dilution factor is Sfold increased resulting in a fu range covered 
from 0.041 to S.0%. It has to be taken into account that the free fraction in the diluted plasma 
should be below about S0% to avoid a higher variability in the back-calculated values This 
condition limits the upper value of fu that can be determined (see Table 4). Therefore, it is 
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recommended to calculate the maximum dilution factor for plasma at first by rearranging equation 
6 according to: 

V(i-f.) 

For the calculation of the dilution factor the upper value of fu (e.g. lOfold higher as the calculated 
5 free fraction) is used, as done in the example shown in Table 4. This results in a dilution factor of 
about 0,02. This value is now used for the for the calculation of the optimal Transil®- volume for a 
free fraction of 0.5%. 

These examples show that with the procedure described above MAbufi^r values and free fractions 
can be determined in high throughput format even if the true- and estimated values differ by a 
10 factor of 10 in both directions. 

Example 7 

Determination of concentration dependence of the free fraction 

Typically incubations in buffer or (diluted) plasma are performed at a concentration of 200 \xg/l to 
ensure that the ratio Lipid content/niipja (see equation 9) is above 100 and the concentration at 

15 equilibrium as related to native plasma, is at least lOfold lower than the molar concentration of the 
main binding protein in plasma. TTiis procedure is usually sufficient during drug discovery. 
However, during drug development the free fraction has to be determined additionally at much 
higher concentrations as observed e.g. in toxicoldnetic experiments. The maximum concentration 
that can be used in incubation under the pre-condition that the ratio Lipid content/ni^-a is at least 

20 100, is calculated using equation 10. The plasma concentration at equilibrium as related to native 
plasma is then calculated according to equation 11 and 11a under consideration of the dilution 
factor of plasma. Table 5 gives an example for 2 hypothetical drugs with free fractions of 0.10% 
and 0.50%, respectively. The MAbnOfcr values are assumed to be 50 000 and 10 000, respectively. 
As can be seen, the concentration as related to native plasma can be increased by increasing the 

25 dilution of plasma: using undiluted plasma in the incubation a maximum concentration at 
equilibrium of 263 can be reached, whereas a much higher concentration (393 pM) is obtained 
using lOOfoId diluted plasma. The influence of dilution is not so pronounced in the case of drug B: 
equilibrium concentration as related to native plasma in increased from 263 to 289 ^M. These 
examples demonstrate that free fractions can be determined at very high plasma concentrations by 

30 properly adjusting the dilution factor of plasma. However, the influence of the dilution factor may 
be small for some combinations of MAbuffer and free fraction (see example B). 
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For drug I concentration depradence of fu to human ai-acid glycoprotein (AGP) was investigated 
and binding parameters (number of binding sites, n» and the dissociation constant, K^) were 
calculated (see Fig. 1). The Kd was estimated to be 0.069 and n was close to 1, indicating that 
AGP is a major binding protein in human plasma (assuming that the APG concentration in hmnan 
5 plasma is 16 the jfree firaction as calculated from n and amounts to about 0.43%, the 
measured fu being 0.20 to 0.24%, see Table. 2). This exanaple shows that the method as described 
herein correctly assesses dose dependence of fu and is appropriate for the deteimination of binding 
parameters. 

Example 8 

10 Determination of MAbufifer in cases of very lipophilic drugs 

Although all incubations are performed in test tubes of glass, in some cases adsoiption can not be 
avoided in incubations where the drugs are handled in protein free solutions. This is detected in a 
huge deviation of added and measured concentration in the reference. For a few drugs, e.g. drug IE 
even the use of silanised or siliconised tubes did not lead to a significant improvement and only 20 

15 to 50% of the added concentrations were found in the reference. To minimise adsorption the 
following procedure has turned out to be very usefijl: usually Transil®- volumes are adjusted to 
give a 1: 1 distribution of the drug between the lipid phase and buffer as described in materials and 
methods. Accepting nbuffei/nKpid ratios much smaller than 1 (e.g. 0,1 or 0.05) leads to higher 
Transil®- volxmies as calculated by equation 12. As lined out above, a small nbuffc/nypy ratio still 

20 allows a precise determination of MA, however, the requirements for the assay precision at low 
concentrations increases. The use of higher Transil®- volumes has a strong impact on the maximal 
drug concentration (Ctotabrmx) that can be used for incubation according to equation 10 but without 
effecting buffer concentration at equilibrium (equation 11). An example is given in Table 6 for 2 
drugs with membrane affinities of 10 000 and 100 000, respectively: xmder normal incubation 

25 conditions (nbuffer^ni^id = 1) Ctotai^max is only about 1.2 and 0.12 ;ig/ml. About 5.5fold higjier 
concentrations can be used accepting a nbuffeiAiKpid ratio of 0.1 that can be further increased by 
about 2fold at an nbufiei/niipid ratio of 0.05. The use of such high drug concentrations has the 
advantage that reactive sites on the glass tubes are saturated and tiiat adsorption is avoided due to 
the strong accumulation in the lipid phase. With that procedin*e we were able to completely avoid 

30 adsoiption even for critical drugs and to determine reliable results. The comparison of free 
fractions for drug n as determined by the Transil® method or by the erythrocytes partitioning 
technique shows excellent agreement (see Table 2). 
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Detennination of Relative fu between Different Species 

la many cases it is more relevant to know relative free fractions between different species than the 
absolute values (e.g. exposure in humans and exposure of animals in safety studies). Relative f„ 
can be calculated without determining MAbufier as follows: 



15) f.„, = 



"•""^ f MA 



with fu,i and fu2 being the free fractions in species 1 and 2 and MApiasna,! and MApiasma^ the 
respective lipid/plasma partition coefficients. In cases where it is necessary to determine 
plasma/lipid distribution in diluted plasma (for strongly bound drugs) a very close approximation 
of the true f^^ci can be obtained by: 

with ai and Zz being the dilution factors for plasma from species 1 and 2, respectively. 

Considerations concerning accuracy and precision of this procedure have been performed for the 
erj^ocytes partitioning method as described earlier^. 

Example 10 

Determination of the free fractions in HTS format 

The following procedure is in place in our labs to determine free fractions in HTS format: 
Menibrane afCinities in buffer are determined first at two different Transil®- volimies using 
calculated MAimffer values to plan the experiments as described above. This approach assures that 
membrane affinities can with certainty be determined in one experiment with good precision, even 
if the calculated and measured afGnities strongly differ. Measured membrane affinities in bujBFer 
are then utilised to design the experiments in diluted plasma of the species of int^st. Once again 
incubations with plasma are performed at two different Transil®- volimies and/or at dififerent 
plasma dilutions in order to cover a wide range of possible free fractions in one experiment. 
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Example 11 

Determination of the free fraction with non-linear protein binding 

The Transil® method also correctly indicates a non-linearity in protein binding as demonstrated for 
the concentration dependent binding of drug I in solutions of ai glycoprotein. Binding parameters 
5 couid be determined with good precision. Concentration dependence of in plasma at relevant 
concentrations as observed e.g. in toxicokinetic experiments can be performed up to very high 
drug concentrations since the distribution of drugs to the lipid membranes is not dependent on drug 
concentration provided the amount of lipids is much greater than the amount of drug in tiie lipid 
phase. The maximum concentration in native plasma (under consideration of llie dilution factor of 

10 plasma) that can be reached without disturbing distribution to the lipids, depends on the membrane 
affinity and the free fraction of the respective drug. As shown above, it can be increased by 
adjusting flie dilution factor of plasma. It has to be noted that for the assessment of the 
concentration dependence of fa» the Transil®- volimies may be adjusted according to the f^ 
expected to work under optimal assay conditions ( nbuffei/n%id ~ 1). As a general guide protein 

IS binding is considered to be independent from concentration unless an at least lOfold excess of free 
binding proteins is given. Assuming a 1:1 binding to the protein for drugs strongly bound to 
plasma proteins (fu < 2%), a 2-fold increase in fu is expected at a drug concentration reaching 50% 
of the concentration of the main binding protein. At a drug concentration reaching 75% of the 
protein concentration an about 4-fold increase of fi, is expected (see Appendix 1). In the event of 

20 significant binding of a drug to different plasma proteins a comparable increase of free fractions 
occurs at higher drug concentrations depending on the concentrations of the respective binding 
proteins and the affinity constants of tiie drug to the proteins. 

Example 12 

Determination of the pH dependency of the free fraction 

25 As reported by Loidl-Stahlhofen et al.^°, the solid supported lipid membranes are stable up to high 
pH values. Therefore pH dependence of free fraction, as necessary during drug development, can 
also be monitored. 

Example 13 

Estimation of the increase of fi, in dependence of drug concentration in plasma assuming binding to 
30 a single Protein 

The binding of a drug to a protein can be described as follows: 
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Al) C-C„=— 



u 



where C is flie total drug concentration, Cu the unbound drug concentration, Cp^t is the total 
concentration of protein, n is number of binding sites on the protein and Kd is the dissociation 
constant of the protein substance-coniplex- Introducing Ca= C • fu and rearrangement yields: 

f -f 

In the case of a low free fraction the term (fu - ^i^) approaches fa and the expression • (fn -1) 
approaches - Kd, therefore equation A2) simplifies to: . 



A3) C = nCp„.-^ 



The drug concentration (Cx) at which an x -fold increase of fu is observed is then: 



10 A4) =n-Cp„. -■ 



x-f„ 

Assuming at least a tenfold excess of free binding sites on the protein, 

KVfu equals n • Cp,o/(l-Q n ■ Cpret in cases of small free fractions, the percentage of drug 
concentration to the protein concentration can be expressed as: 



A5) — ^i— = fl ~V 100% 



15 e.g. a 2 fold increase in the free fraction is observed if flie drug concentration is 50% of the protein 
concentration. Or, an x-fold increase of free fraction is observed at: 

A6) X ""'^^ 



The error in equations AS and A6 is only below about 10% if fu in the solution containing higher 
drug concentrations is below 8%. 
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The following abbreviations were used in the above: 



C 



Total drug concentration in a solution of a protein 



Ox 



Unbound drug concentration in a solution of a protein 



Total protein concentration in plasma 



5 f« 



Fraction of free (unbound) drug in a solution of a protein 



Dissociation constant of the protein drug-complex 



n 



Number of binding sites on the protein 



Q Total drug concentration in a solution of a protein at which an x-fold increase of free 
fraction is observed 

10 Table 1 

A complete data set with typical values for the Transil® -volumes, the dilution factor of plasma, the 
drug concentration in the suspension and in plasma at equilibriimi is shown. Unbound fractions (fu) 
of Drug I in rat and human plasma, determined by partitionuig between diluted plasma of the 
corresponding species and Transil®. Plasma and buffer concentrations were measured by LCyMS- 
15 MS. Arithmetic means of 4-5 determinations and standard deviations (in parentheses) are given 
(the lipid content used of the batches Transil® was 9.1 and 12.5 ^1/ml for rats and man, 
respectively, the dry weight was 223 and 207 mg/ml, respectively). 
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fu undiluted 
Plasma \%\ 


0.812 
(0.110) 


0.203 
(0.0272) 


fu diluted 
Plasma [%! 


4.87 
(0.632) 


7.07 
(0.883) 




322 
(41.8) 


468 
(58.4) 




24.0 
(2.58) 


24.1 
(3.65) 




74.8 
(3.00) 


51.5 
(2.56) 


da 


117 
(4.49) 


111 
(10.9) 


Dilution 
of Plasma 


1 — t 


1:30 


a 








o 


o 
o 

1—4 


n 


o 


o 


Species 


Wistarrat, 
male 


human 
male 



I 

I 



CO 
OO 



O 
O 



1 

H 



u 


33.3 
(1.37) 


DrugV 

fu(%) 

A 1 

A 


39.5 
(3.18) 


PQ 


4.97 
(0.435) 


0.961 
(0.113) 


Drug IV 

fu(%) 
A 


4.41 
(0.259) 

1.09 
(0.166) 




1.49 
(0.298) 


Drugin 

fu(%) 

A 


1.62 
(0.159) 




0.0461 

(0.00741) 

0.0864 

(0.0085) 

0.0516 

(0.00745) 

0.0478 

(0.00669) 


Q ^ < 


0.0484 1 

(0.00694) 

0.0795 

(0.00841) 

0.0535 

(0.00451) 

0.0507 

(0.0105) 


pq 


0.913 
(0.0684) 

0.238 
(0.0432) 


H-f ^ ^ 

bO nP 

g ^ 


0.812 
(0.110) 

0.203 
(0.0272) 


Method 


CDl Mouse, 
male 

Wistarrat, 
male 

Rhes.monk., 
male 
human 
male 



wo 2005/017528 



22 



PCT/EP2004/008708 



i 





2,60 


3.77 
f0.30) 




- 2 






3.59 

(0.40) 


2.07 
(0.41) 


l.U 
(0.06) 


DrugVn 

Concentration 
range (mg/l) | 


0.023-3.59 


0.014-3.33 


0.023-3.36 


0.024-3.82 




0.0868 
(0.0102) 


0.0253 
(0.0040) 


0.0340 
(0.0047) 


0.0200 
(0.0021) 




0.0872 
(0.0122) 


0.0193 
(0.0035) 


0.0414 
(0.0129) 


0.0195 
(0.0008) 


Drug VI 

Concentration 
range (mg/l) I 


0.231-24.0 


1.00-39.2 


0.474-35.2 


OO 

od 
m 

1 

1—1 


Method 


CDl mouse 
female 


Wistarrat, 
male 


Beagle dog 
female 




male 



I ^ 



■A 



CS 
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o <u 
3 g 



§ 1 
O ^ 



1 



CO 
OS 

u 



fu undiluted 




1 


0.041-5.0 


fu diluted 
Plasma [%] 
range 


1 


3.98-51.3 


Dilution 
ofPlasma 
incubation 
[2] 


1 


1:100 


Dilution 
ofPlasma 
incubation 
[1] 




1:20 


1 

1 


865->100000 


t 




CM 

» 


54.0 




incubation [1] 


25.0 


54,0 


1 


•o 

o 


o 


•a 

1 f 


cn 


m 






buffer 


plasma 
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Tables 

Equilibrium drug concentration in native plasma in dependence of f^^ MAbuffer and the dilution 
factor of plasma (Lipid content: 72.0 |il/ml, dry weight Transil®:223 mg/ml, MW drug: 459). 





Drug A 


DrugB 


f«[%] 


0.500 


0.100 


MAbofler 


10000 


50000 


dilution factor of plasma 
Qotab maximal [jig/ml] 
Cpfc«„a, native [nMJ 
Lipid conl/niiidd [Mol/Mol] 


1.00 


0.010 


1.00 


0.010 


232 


3.61 


232 


2.65 


263 


393 


263 


289 


100 


100 


100 


100 



Table 6 



Maximimi incubation concentration of a drug in dependence of MAbuSfer and nbugei/niipid (Lipid 
content: 72.0 jil/ml, dry weight Transil®: 223 mg/ml, MW drug: 459, incubation volume: 0.5 ml). 





nbuWniipid 


accepted 












1.0 




0.10 




|0.05 




MAbuffer 


10000 


100000 


10000 


100000 


10000 


100000 


Vtransfl [l^l] 


0.694 


0.0694 


6.93 


0.694 


13.8 


1.39 


Ctotaij maximal [^tg/ml] 


1.21 


0.121 


6.63 


0.664 


12.6 


1.27 


Cbnffcr, [|^g/ml] 


0.604 


0.0604 


0.604 


0.0604 


0.604 


0.0604 


Lipid cont'niipid [Mol/Mol] 


100 


100 


100 


100 


100 


100 



Abbreviations 



10 C Total drug concentration in a solution of a protein 

Cu Unboimd drug concentration in a solution of a protein 

Cprot Total protein concentration in plasma 

f„ Fraction of free (imborad) drug in a solution of a protein 

Ka Dissociation constant of the protein drug-complex 
15 n Number of binding sites on the protein 

Total drug concentration in a solution of a protein at which an x-fold increase of free 

fraction is observed 
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